The experimental results and predictive equation for shear capacity of Perfobond strip (PBL) joint connection with cast-in-place UFC to develop UFC-PC hybrid girders are presented in this paper. The UFC-PC bridge consists of PC segment at both ends and UFC segment at the middle of the span. Push-out test of twelve specimens was conducted. The experimental parameters were thickness of PBL, diameter of the hole of PBL, diameter of transverse rebar, prestressing stress on connection part, and the ratio of spacing to diameter of PBL. The experimental results indicated that PBL with cast-in-place UFC connection was sufficient to transfer the shear forces between the two segments. The contributions to shear capacity in each term were clarified. In addition, the shear resisting mechanisms were investigated. By inducing prestressing stress on the connection part, the shear capacity drastically increased due to the friction resistance. Finally, the shear capacity equation for PBL with cast-in-place UFC connection was proposed. The proposed calculation method can provide a reasonable agreement with the experimental results.
INTRODUCTION
Nowadays, the hybrid structure integrating prestressed concrete (PC) and steel are being widely implemented in long-span bridges in Japan, such as cable-stayed and extradosed bridges, due to their structural and economical benefits throughout the design and construction process 1) , 2) . Kiso-Ibi Gawa bridges are among the examples in Japan 3), 4) . The PC-steel bridge consists of segmental concrete at both side ends and steel girder at the central part of span. Because of the high strength, the web member can reduce its cross-sectional area. Moreover, the steel girder is employed at mid span in order to decrease the self-weight of the bridge and construct a longer span. However, the steel girder at the central part may face durability problems such as the corrosion of girder 5) . Ultra High Strength Fiber Reinforced Concrete (UFC) is one of the advanced cementitious composite materials that have aggressively developed over the past ten years. Due to its performance properties, UFC has been implemented in several applications throughout the world especially in Japan 6)-8) . This material provides ultra-high strength with values of more than 150 MPa and 5 MPa in compression and tension, respectively. The high ductility can be achieved due to the existence of steel fibers 9) . More- Replace steel girder with UFC girders.
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Connection part over, the excellent durability properties of UFC such as resistance to carbonation, chloride attack, and freeze-thaw action 10) leads to maintenance cost reduction and service life improvement. In addition, due to high workability, members can be formed with various shapes.
By comparing the weight of prestressed UFC beam with H-shaped steel beam and conventional RC beam (with the same design bending moment of 150 kN-m), it is indicated that the self-weight of a prestressed UFC beam and a steel beam has been found to be the same, at 50 kg/m which is 1/4 of a conventional RC beam. Consequently, member depth can be reduced by 50% compared to conventional RC as well 11) . Considerable researches have been conducted on UFC and concrete hybrid structures. Watanabe et al. 12) presented the design of composite UFC box girder with RC deck slab of GSE bridge at Haneda Airport, Japan. It was reported that a very slender form compared to the conventional concrete can be achieved by using UFC box girder. Tanaka et al. 13) proposed and investigated the Perfobond strip (PBL) for composite UFC girder with RC slab deck. The results showed that the shear transfer capacity and rigidity between UFC girder and RC slab were more sufficient than stub-type shear connector. In addition, the application of PBL joint on Akakura Onsen Yukemuri footbridge was reported.
Following the aforementioned point of view, by replacing the steel girder with the UFC segmental girder, the advantages of UFC can be taken while retaining the benefits of steel. Therefore, the authors propose to use UFC or the so-called UFC-PC hybrid girder instead of steel for the central part of the span in this study. This proposal focuses on the development of new competitive structural system that improves durability and aesthetics properties, and which also fully utilizes of every single part of UFC to minimize the volume of material required.
The most important requirement in developing the UFC-PC hybrid structure is to clarify the behavior of connection between UFC and PC girders and determine the appropriate connection. Thus, the connection should ensure that the two different materials act continuously and transfer force efficiently between UFC and PC parts. Unfortunately, the available study on the performance of this type of structure is scarce, and the research on connection methods between UFC and PC girders is also limited.
Therefore, the objective of this paper is to propose and investigate the shear behavior of the connection part for UFC-PC hybrid girders. The proposed connection consisted of Perfobond strips (or Perfobond Leisten, PBL) filled with cast-in-place UFC. An experimental research on shear behavior of twelve PBL connections was conducted. Shear capacities, load and displacement relationship, crack patterns, and shear resisting mechanism were investigated. Subsequently, the effect of thickness of PBL, hole diameter of PBL, transverse rebar, prestressing level, and spacing between PBLs were clarified. Finally, an empirical method for evaluating the shear capacity of this type of connection was proposed.
PROPOSED PBL CONNECTION AND MATERIALS USED
In this research, the PBLs with cast-in-place UFC were used as the connection part. Moreover, selfcompacting concrete, steel bars, UFC and PC bars were used in the specimen. The following sections provide a detailed description of each material.
(1) Proposed connection
The proposed connection consisted of PBL which is a steel flat plate containing a number of holes through it filled with cast-in-place UFC as shown in Fig. 1 . The PBL was originally developed in Germany by Leonhardt et al. 14) . PBL has many advantages such as high shear resisting capacity, stiff- ness, and easy installation due to the shape of the PBL rib; therefore, it is widely used as the connector for steel girder with RC deck slab composite bridges. Used together with filled cast-in-place UFC (socalled wet joint construction), the connection can eliminate the imperfection of segmental girder erection, and the need for fabricate a segment using the match cast method can also be eliminated. The specimens consisted of middle UFC part and concrete parts at the both side that were connected by the proposed connection. Figure 2 shows a schematic outline of the connection part considered.
(2) Concrete
The self-compacting concrete was used in this experiment, and the details of mix proportion are summarized in Table 1 . The materials used in the concrete mixes were high-early strength cement, fine aggregates, coarse aggregates, viscosity improver, and superplasticizer, which was highperformance air-entrained (AE) water reducing agent. The designed compressive strength of 7-day age concrete was 70 MPa. Figure 1 shows one of the PBLs used in this research. An SS400 steel grade with nominal yield strength of 325 MPa and tensile strength of 422 MPa was used. The dimension, thickness, and hole diameter of PBL were varied depending on the specimen.
(3) PBL
(4) UFC
UFC is a material produced by mixing pre-mix powder of cement, silica fume, silica fine powder, and silica sand in the optimum proportion with water and high-performance polycarboxylic superplasticizer and steel short fiber. The volume fraction of steel short fiber (0.2 mm diameter x 15 mm length) used in this research was 2%. Table 2 shows the mix proportion of UFC.
The UFC segment was fabricated in advance before the connection with RC segment. After casting, the segment underwent steam curing following the JSCE recommendation 8) . The designed compressive strength of UFC segment was 180 MPa.
(5) Steel reinforcement and prestressing rod
The steel reinforcements with 9.53 mm nominal diameter were used for the RC part and as transverse rebar inside the hole of PBL. A prestressing rod with nominal diameter: d=20.46 mm, yield strength: f y =1206 MPa and ultimate strength: f u =1287 MPa were used for the specimen in the series of prestressing force. The specifications for the rebars were according to JIS G 3109. The characteristics of the reinforcement and prestressing rod used in this study are shown in Table 3 .
EXPERIMENTAL PROGRAM (1) Experimental parameters and specimens
To investigate the shear behavior, twelve specimens were prepared. The summary of test variables and details of specimens are provided in Table 4 and Fig. 3. Figure 3 shows the dimensions, arrangement of reinforcing steel inside the RC part and details of PBL of all specimens. All specimens consisted of three parts; two RC parts were located at both sides of a specimen. The UFC precast segment was located at the center, and all parts were joined with two joints between RC and UFC parts. Transverse rebars were inserted into the hole of PBL and cast-in-place UFC were poured into the connection part of all specimens. The whole PBLs were embedded in all parts and the configuration is shown in Fig. 4 . Figure 5 shows the detail dimension of PBLs used in the experiment.
The experimental cases can be classified into five series in order to investigate the shear behavior of PBL connection. Series-I investigated the effect of thickness of PBL. Series-II examined the effect of diameter of hole in PBL. The effect of transverse rebar inside the hole of PBL was studied in Series-III. Series-IV investigated the effect of prestressing force on the connection part. Series-V investigated the effect of spacing of PBLs. First, the effect of thickness of PBL was considered in Series-I, and the corresponding name of specimens are listed in Table 4 . PBL9 was the specimen with 9 mm thickness of PBL. The thickness of PBL was increased to 16 and 22 mm in PBL16 and PBL22, respectively. Height and length of PBL were the same in all specimens.
Series-II consisted of three specimens with different PBL holes diameter. Figure 5 shows the dimension and arrangement of PBL. The hole diameter of PBL-D30 and PBL-D50 were 30 and 50 mm, respectively. In this case, the PBL size differed depending on the size of PBL hole diameter. The results of PBL-D30 and PBL-D50 were discussed with PBL16.
In Series-III, to examine the dowel action of a transverse rebar inside the PBL hole, the transverse rebars that were inserted in the PBL holes were varied from 10, 13, and 16 mm in the specimens PBL16, PBL-r13, and PBL-r16, respectively.
In Series-IV, the size of the specimen and PBL remained the same but the prestressing force was induced to the joint part by using prestressing rods in the locations as shown in Fig. 3 . The prestressing levels were determined based on the real construction of the connection for Kiso-Ibi Gawa bridges 4) . The prestressing level can be calculated from the forces divided with the cross-section area of connec- 
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Transverse rebar tion, which equal to 400 mm height and 150 mm width in this study. The prestressing levels were 5, 10, and 15 MPa in PBL-P5, PBL-P10, and PBL-P15, respectively. Series-V was on the effect of spacing of PBL. In this case, S/D means the ratio of the PBL spacing between the inner two PBLs to the hole diameter of PBL. Therefore, in all specimens except PBL-SD25 and PBL-1, the ratio of spacing to the hole diameter of PBL was 1.5 (60 mm spacing in actual) and PBL-SD25 with the spacing to diameter ratio of 2.5 (100 mm spacing in actual). The spacing is measured as the distance between the centerline of PBL embedded in UFC segments. In the case of PBL-1, the number of PBL was reduced from two PBLs per row to only one per row. Therefore, there is no spacing in this case.
(2) Fabrication of the specimens Figure 6 shows the fabrication steps of the specimens. The specimen consisted of three parts. One was the precast concrete segment located at both ends of the specimen, which had been fabricated in advance. The middle part was precast UFC segment. The PBLs were embedded in both concrete and UFC precast segments as shown in Fig. 6(a) . The three segments were set into the position and transverse rebars were inserted into PBL holes. Then, cast-in-place UFC was cast into the connection position ( Fig. 6(b) ). After that, UFC was cured for seven days. The target compressive strength of the cast-in- 
(3) Loading method
The specimens were subjected to a push-out test with the load applied at both end of the UFC segment beside the connection part as shown in Fig. 3 . The supporting points that were located at the end of RC segment near the connection part were placed on the roller supports. Teflon sheets and grease were inserted between the specimen and supports. At the loading points on the top surface of the specimen, steel plates with 50 mm width, steel rollers, and a load distribution beam were placed. The loading rate was about 0.15-0.25 kN per second. Figure 7 shows the location of measurement items used in the experiment. During the loading test, the applied load was measured. Deflection at the middle of the connection part and supporting point was measured by using transducers as shown in Fig. 7 . Strain gauges were used for measuring the strain of PBL strips plate. Moreover, the strains of the transverse rebars were measured at the middle point of rebars by using strain gauges. The opening widths between RC segment and connection part were measured by using transducers with interval of 100 mm along the vertical direction of the specimens. In the same way, the opening widths between the connection part and UFC segment were measured by using π-gauges and transducers with interval of 100 mm along the vertical direction of the specimen.
(4) Measurement items
In addition, in PBL-P5, PBL-P10, and PBL-P15, the strains of prestressing rod were measured at the mid-span.
RESULTS AND DISCUSSIONS
(1) Shear capacities Table 5 shows the mechanical properties of concrete and UFC, and the results of loading tests. The shear capacity of UFC segment can be calculated based on the JSCE recommendation 9) by using Eqs. (1), (2) , and (3). Relative displacement (mm) where, V UFC is shear capacity of UFC segment (N), V rpcd is shear capacity of a linear member (N), V fd is shear capacity provided by fiber reinforcement (N), f' c_UFC_PC is compressive strength of UFC segment (MPa), b w is width of web(mm), d is effective depth (mm), f vd is the design average tensile strength (MPa), β u is an angle between member axis and a diagonal crack (º), and z is the distance from the location of compressive stress resultant to the centroid of tension steel, which is equal to d/1.15 (mm). From Table 5 , the experimentally obtained shear capacities of PBL with cast-in-place UFC (V u ) in Series-I and II were greater than the calculated shear capacity of UFC segment (V UFC ) excepted in the PBL-D30 specimen. Thus, by using the PBL with cast-in-place UFC connection, the sufficiently transferring forces can be obtained between two girders because the joint failure can be avoided.
(2) Load-displacement relationships, failure mode, and crack patterns Figures 8 and 9 show the relationships between the load and the relative displacement of Series-I and II, respectively. The relative displacement was obtained by subtracting the displacements at the supporting points from the displacement at the mid- Fig. 7 . Figure 10 shows the crack patterns observed at the peak loads in Series-I and II. The failure modes of all specimens with PBL connections were determined. It is obvious that only one critical crack was remarkable in each specimen. The mode of failure of all specimens was determined with the shear failure at the connection.
All specimens exhibited similar linear behavior from the initial loading up to the first separation crack at the interface between concrete and cast-inplace UFC. After the first separation crack, the load relative displacement relation was still linear until the initiation of the main crack occurred in a connection part. The main crack initiated from the first separation crack. After initiation of the main crack, the main crack propagated to the interface of precast RC and cast-in-place UFC. In addition, the appearance of the diagonal crack reduced the slope of loaddisplacement relationship of the specimens. From this stage, the rate of load increment became slight and the load-displacement relationship showed nonlinear behavior. Then, the separation crack between precast and cast-in-place UFC propagated, the load reached the peak and dropped as the separation crack between precast and cast-in-place UFC propagated and widened. A similar process of shear failure was observed in all specimens.
(3) Effect of thickness of PBL
The influence of thickness of PBL is discussed based on the experimental results of PBL16, PBL9, and PBL22 specimens in Series I. From Table 5 and Fig. 11 , specimens can be arranged as PBL9, PBL16, and PBL22 in order of shear capacity of connection with 382.9, 394.7, and 429.1 kN, respectively. Figure 8 shows the load and relative displacement of Series-I. It is clear that the shear capacity of PBL joint filled with cast-in-place UFC increased with the increase in thickness of PBL. Moreover, it should be noted that the crushing of cast-in-place UFC at the end of PBLs was not observed in all specimens. In addition, it can be seen that there is a clear tendency of the thickness of PBL to affect the post-peak behavior of PBL with cast-inplace UFC connection. As the thickness of PBL increases, the ductility of connection in the post-peak region increases gradually as shown in Fig. 8 . This is because the contacting area between the end of PBL and cast-in-place UFC increases. Moreover, the end-bearing resisting force was still elastic.
(4) Effect of the hole diameter of PBL
Series-II consists of three specimens (PBL16, PBL-D30, and PBL-D50). The relationship between shear capacities against the hole diameter of PBL is drawn in Fig. 12. Figure 9 shows the load-relative displacement in Series-II. The separation cracks between concrete and cast-in-place UFC were observed at 568.4, 580.2, and 654 kN in PBL-D30, PBL16, and PBL-D50, respectively. After that, main diagonal cracks initiated on the connection part and the load reached their peak at 701.8, 789.4, and 835.0 kN, respectively. It can be seen that the shear capacity gradually increases with the increase in hole diameter of PBL. This is because the area of cast-in-place UFC inside the PBL hole increased. However, it should be noted that there was a dispersing behavior on the post-peak region of loadrelative displacement curves where the tendency of the ductility of the connection to increase due to the increase in diameter of PBL hole could not be found.
(5) Effect of diameter of transverse rebar
The influence of transverse rebar inside the PBL holes is discussed based on the results of PBL16, PBL-r13, and PBL-r16 specimens in Series-III. Figure 13 shows the relationship between the load and relative displacement in Series-III. Figure 14 shows the relationship between shear capacities and diameter of transverse rebar in the PBL hole. It can be seen that with the increase in diameter of transverse rebar, the shear capacity shows gradual increase. This is because when the diameter of rebar increases, the contribution of shear resisting of rebar is increased. Moreover, as shown in Fig. 13 , the relative displacement at the peak load increases with the increase in diameter of transverse rebar. From this result, it can be inferred that the diameter of transverse rebar affects the ductility of PBL with cast-inplace UFC connection. In addition, it should be pointed out that no yield of transverse rebars was observed in all specimens. This could be because the shear resistance of transverse rebar was still elastic. However, even if the diameter of transverse rebar affected the relative displacement at the peak load, there was the scattering behavior on the post-peak region of load-relative displacement curves. Therefore, a clear tendency toward ductility of the connection due to the increase in diameter of transverse rebar could not be observed.
(6) Effect of prestressing forces
The effect of prestressing force of connection in segmental bridge was simulated. The confining forces were induced on the cross-section of the connection area by using four prestressing rods. The prestressing area in this study was 400 mm in height and 150 mm in width. The prestressing stress varied from 0, 5, 10 and 15 MPa in PBL16, PBL-P5, PBL-P10, and PBL-P15, respectively. Figure 15 shows the relationship between the load and relative displacement in Series-IV. Table 5 shows the experimental results in Series-IV. The crack patterns of PBL-P5, PBL-P10, and PBL-P15 with the last specimen failed in flexural failure of UFC segment are shown in Fig. 16(c), (d), and (e) .
In PBL-P5 and PBL-P10, the specimen failed in shear at the connection part. The shear capacity increased by 82.5% and 106.9% compared to PBL16 specimen and the actual of each was 720.4 and 816.5 kN in PBL-P5 and PBL-P10, respectively. Figure 15 shows the load-relative displacement relationships in Series-IV where PBL-P5 and PBL-P10 behaved similarly. The load increased linearly with relative displacement until the first diagonal crack with 864.0 and 915.0 kN in PBL-P5 and PBL-P10, respectively. It indicates that the prestressing force significantly affects the shear capacity of connection. The load would be drastically carried by the friction between the connection part and the other. Consequently, the main diagonal crack on the connection part significantly reduced due to the confining stress. Moreover, the crack pattern of both specimens looked different from previous specimens in which the separation width could not be observed. It was noted that load relative displacement of both specimens were slightly different from previous specimen.
In PBL-P15 specimen, the separation crack and cracking on the connection part were not observed. At 2035 kN, the flexural crack occurred at the middle part of the UFC segment as shown in Fig. 16(e) . And then, the load reached to peak at 2147 kN. The specimen failed with flexural failure of the UFC segment.
The relationship between shear capacities and prestressing level is demonstrated in Fig. 17 . It is shown that with the increase in prestressing level, the shear capacity increases. A linear relationship agrees well with the test results. However, when the prestressing level reaches 15 MPa, the failure mode changes from shear failure of connection to flexural failure of UFC part. In this specimen, the shear failure load of connection was higher than the observed maximum load in the experiment. Therefore, the shear failure of connection did not happen. Hence, the failure was changed to the flexural failure of UFC segment instead. Thus, it can be said that the PBL with cast-in-place UFC is sufficient and conservative for the shear capacity of the connection between UFC and PC segmental girders.
(7) Effect of PBL spacing
In Series-V, the specimens PBL-1 and PBL-SD25 were combined with PBL16 in order to discuss the effect of PBL spacing. Figure 18 plots the load and relative displacement relationship of all specimens. Figure 19 shows the crack patterns of all specimens. In Fig. 18 , all specimens exhibited linear relationship until the separation crack occurred at 398.6, 580.4, and 572.8 kN in PBL-1, PBL16, and PBL-SD25, respectively. After that, the load reached it peak at the load of 590.8, 750.2, and 789.4 kN in PBL-1, PBL-SD25, and PBL16, respectively. It can be said that the difference in the shear capacities of two PBL with cast-in-place UFC was insignificant although the ratio of the PBL spacing to the hole diameter of PBL (S/D) increased from 1.5 to 2.5. It can also be observed that the differences in crack pattern of all specimens were very slight. However, the spacing of PBL seemed to affect the post-peak behavior of PBL with cast-in-place UFC even if the effect on shear capacity was slight.
(8) Resisting mechanism of PBL connection
By using the PBL with cast-in-place UFC, the high shear resistance can be achieved due to the high strength of UFC and high shear resistance of PBL. Figure 20(a) shows the mechanical resistance characteristics of a PBL with cast-in-place UFC connection and all of the contributions in PBL are shown in Fig. 20(b) .
It should be noted that the influence of normal stress due to the maximum bending moment corre-sponding to the peak load on PBL with cast-in-place connection was checked. By calculating the stress at the location of PBL due to the maximum moment, the result showed that the stress at the location of PBL was very small, especially compared with the yielding strength of PBL, which was less than 5%. Moreover, the effect of normal stress on the compression portion was also investigated. Based on the crack at the peak load shown in Fig. 10 , the separation crack propagated to the top of the connection which was resulting to the very small area of the compression part. Therefore, it can be said that the influence of normal stress is supposed to be slight and can be neglected.
From all the results reported above, the contribution on shear resistance characteristics of PBL with cast-in-place UFC connection can be derived from four, the end-bearing resistance forces from the contacting area between PBL and cast-in-place UFC increase with the increase in end-bearing resistance from the thickness of PBL. From the experimental investigation, the crushing of cast-in-place UFC under the PBL was not observed due to the high compressive strength of cast-in-place UFC used in the connection part, and the shear capacity can be significantly increased. Moreover, the strain of PBL was still in the elastic stage and the increment tendency from the induced prestressing forces could not be observed as a results of the average strain of lower PBL on the failure connection side (see Fig. 7 for locations of strain gauges) at the peak load as shown in Table 6 . This indicates that the endbearing resisting force was still elastic.
Second is the resistance of the UFC dowel in the hole of PBL, which is a shear mechanism attributed to the cast-in-place UFC formed through the holes of PBL. It occurs when the two faces of PBL attempt to move apart from each other which cutting across the formed cast-in-place UFC. The two faces of PBL transfer the shear stresses to the cast-inplace UFC in the PBL holes. The experimental result in Series-II indicated that the shear capacity increased with the increase in hole diameter of PBL due to the dowel effect of the UFC in the rib hole of PBL.
Third is the shear resistance of transverse rebar. The shear resistance of transverse rebar comes from the dowel action of transverse rebar between two faces of PBLs. Table 6 shows the strain values of transverse rebar at the peak load. It is shown that the obvious increment tendency from the induced prestressing forces could not be found. Moreover, this indicates that all of rebar strains were still in elastic state at the peak load. Hence, it can be inferred that the resistance of transverse rebar is related to the elastic modulus of steel. In the same way of the endbearing action, the contribution of shear resistance of transverse rebar and the dowel action of cast-inplace UFC contributed to the shear resistance. Therefore, the yielding of transverse rebar in the hole of PBL could not be observed.
The fourth significant contribution is from the prestressing stresses on the connection part. By inducing the prestressing forces on the cross-section area of the connection part, the shear capacity is significantly increased. This can be expounded as the closure of the separation cracks between the connection part and the other part resulting from the confining forces on the connection. Hence, the loads can be carried by the friction force between the connection and the other. Table 6 shows that there is a scattering of the strains of PBL and tensile strains of transverse rebars at the peak load in Series-IV. Thus, the influence of prestressing force on the contribution of end-bearing resistance and shear resistance of transverse rebar could not be found. In the case of the dowel action of cast-in-place UFC in the PBL holes, because the direction of prestressing force is parallel to the cross-section plane of cast-in-place UFC, the influence of prestressing force on UFC dowel action was considered to be slight.
Thus, considering the force acting at the PBL with cast-in-place UFC connection, it can be clearly seen that the shear force is resisted by the summation of end-bearing resistance of cast-in-place UFC, dowel action of UFC in the hole of PBL, shear resistance of transverse rebar, and the prestressing forces on the connection. Therefore, the construction of empirical equation was mechanically modeled as the summation of all contribution which will be explained in the next chapter. It should be noted that the effect of PBL spacing is excluded in the model as it is less significant. Table 6 The measured strains of PBL and transverse rebar at the peak load in Series-IV.
Specimen
Peak load (kN)
The average strain of lower PBL on the failure connection side (x10 -6 )
The tensile strain of transverse rebar inside the hole of lower PBL* 15) , the shear capacity of PBL for steel girder and RC slab at rib hole (V ud ) can be calculated in two types of conditions. Eq. (4) is used for the condition in which the PBL hole contains a transverse rebar. Because this formula was originally proposed for application to normal strength concrete and steel girder, the applicable range is set as shown in Eq. (5).
In the case of the hole of PBL without a transverse rebar, the shear capacity can be calculated by using Eq. (6) and the applicable range for this equation is shown in Eq. (7) t d (7) where, V ud is shear capacity (N), d is diameter of the PBL hole (mm), Ø st is diameter of transverse rebar (mm), f ' c is compressive strength of concrete (MPa) and f st is tensile strength of transverse rebar (MPa), and t is thickness of PBL (mm).
In order to clarify the applicability of the existing equation to PBL connection with cast-in-place UFC connection, the equations were applied beyond their application range.
The experimental results of nine shear capacities of PBL connection in this study and two specimens from Tanaka et al. 13) were compared with those obtained by the equations by JSCE. It was noted that no transverse rebar was provided inside the holes of PBL in Tanaka-1 and Tanaka-2 specimens. Moreover, PBL used in Tanaka-2 specimen has only two holes. Table 7 summarizes the computationally obtained shear capacity by Eq. (4) and (6) and the results of the experimental observation. The average of experimental value by calculation value (V exp /V ud ) is equal to 0.47. It indicates that Eqs. (4) and (6) overestimate the experimental results. The reasons can be explained thus: first, the effect of end-bearing resistance, which corresponds to the thickness of PBL is not taken into account in this equation. Second, the applicable range is derived for the normal strength concrete where coarse aggregate is contained. However, the cast-in-place UFC was used in this experiment. Even though UFC contains no coarse aggregate, but compared with normal concrete, cast-in-place UFC has much higher compressive strength around 100 MPa and is also characterized by the existence of steel fibers. Therefore, this equation was applied beyond their limitation and reflected a significant increase in the shear resistance of PBL with cast-in-place UFC. Therefore, the equation should be modified for use in PBL joint Tanaka with cast-in-place UFC.
(2) Proposed shear capacity equation In order to evaluate the shear capacity of PBL with cast-in-place UFC connection, the shear capacity equation was proposed based on four contribution terms and the regression model is shown in 
where, V PBL is the shear capacity of PBL with castin-place UFC connection (N), n PBL is the number of PBLs, n hole is the number of holes provided on a PBL, h i is the length of PBL i in connection part (mm), t i is the thickness of PBL i in the connection part (mm), A sj is the area of transverse rebar in the PBL hole j (mm 2 ), E sj is the elastic modulus of transverse rebar (GPa), d j is the diameter of the hole of PBL j (mm), Ø st is the diameter of transverse rebar in the PBL hole j (mm), E UFC is the elastic modulus of cast-in-place UFC (GPa), A c is the prestressing area (mm 2 ), and σ' c is the prestressing stress (MPa).
The contributions of shear capacity of PBL with cast-in-place UFC are based on the resisting mechanism of each PBL and the prestressing forces on the cross-section area of connection as explained in session 4 (8). The first term considers the end-bearing resistance of concrete, which is not considered in the JSCE equation. Since the crushing at the endbearing of cast-in-place UFC was not observed as discussed in section 4(8), the elastic modulus of UFC (E UFC ) was selected in order to represent the contribution of end-bearing resistance. While the contribution of transverse rebar is represented in the second term where the elastic modulus of transverse rebar (E s ) is used. UFC dowel is presented in the third term. Based on the experimental results, it was also shown that the square root of the compressive strength of UFC agreed well with the shear capacity. Moreover, from the study done by Oguejiofor and Hosain 16) , the expression of dowel action of concrete inside the PBL was suggested to be the function of square root of compressive strength of concrete. Therefore, the contribution of UFC dowel is represented by the function of cross-section area of castin-place UFC and square root of compressive strength of cast-in-place UFC in this study. The last term accounts for the contribution of prestressing forces, which is assumed to be the linear relationship between shear capacity and prestressing stress as shown in Fig. 17 .
According to all results explained before, the shear capacity is assumed to be a combination of the resisting components of PBL, namely, end-bearing resistance of PBL, shear resistance of transverse rebar, UFC dowel, and shear frictional resistance along the failure plane due to the induced prestressing force on the connection area.
The shear capacity equation was derived by using regression analysis. By using the least-squares procedure, α 1 , α 2 , α 3 , and α 4 were examined. The coefficient of determination (R 2 ) was 0.9926. Based on the regression analyses of experimental results, the shear capacity equation of PBL with cast-in-place UFC connection can be expressed as follows: The results of calculation obtained by Eq. (9) and experimental observation are shown in Table 7 . Figure 21 shows the accuracy of the proposed equation against the experimental values. The two experimental results from Tanaka et al. 12) were also compared with the proposed equation. The average (avg.) and the coefficient of variation (C.V.) of the ratio of the experimental and calculated value (V exp /V cal ) for a total of 13 specimens are 1.00 and 12.2%, respectively. In the case of 11 specimens without prestressing force, the values of avg. and C.V. are 1.02 and 12.9%, respectively.
Although the numbers of tested specimens were limited in order to derive the widely applicable range values, it is clearly seen that good agreement between experimental results and calculated results was observed. From the calculation results of Tanaka-1 and Tanaka-2 specimens, it is also indicated that the proposed equation is able to give reasonable results even if the transverse rebar is not provided in the specimen and regardless of location of the hole of PBL. In addition, the significant contribution of prestressing forces on the connection part can be accounted for in this equation. Thus, the proposed equation can be used to evaluate the shear capacity of PBL with cast-in-place UFC connection. However, it is suggested that the empirical equation used to estimate the shear capacity of PBL with cast-in-place UFC connection should be prudently used within the limits of the investigated parameters. Safety factors are needed in order to provide reliable and safety design.
It is also recommended to carry out further experimental investigation of PBL with cast-in-place UFC connection. The predicting shear capacity equation should be further developed based on the relationship of the contribution. Additional parameters such as size and arrangement of PBL shall be considered in order to include rational reduction factors.
CONCLUSIONS
1) The Perfobond strip (PBL) with cast-in-place UFC connection was proposed for the connection for UFC-PC hybrid girder in this study. By comparing shear capacity of the proposed PBL with cast-in-place UFC and shear capacity of UFC segment, sufficient performance in transferring shear forces between each UFC and concrete segments is secured. 2) With the increase in thickness and the hole diameter of PBL, the shear capacity of PBL with cast-in-place UFC slightly increased. This is because the end-bearing and dowel effect of PBL increased with the increase in thickness and hole diameter of PBL. Moreover, the shear capacity of PBL with cast-in-place UFC connection increased by 11% and 15 % when the diameter of transverse rebar increased from 10 to 13 and 16 mm, respectively, due to the increase of shear resistance of transverse rebar. However, the difference in the shear capacity of PBL with castin-place UFC connection with different specing to diameter ratio (S/D) is very slight. 3) By induced the prestressing force on the crossection of PBL with cast-in-place UFC connection, the shear capacity is significantly increased. This is because the friction force drastically increases when the prestressing forces are induced on the connection. Consequently, the separation crack width greatly reduces. 4) The shear resisting mechanism of PBL with cast-in-place UFC connection was investigated. The contributions on shear resistance characteristics come from, first, end-bearing resistance of UFC, and second, form the dowel action of UFC in the hole of PBL. The third factor is the shear resistance of transverse rebar. The last contribution comes from the prestressing stress on the connection part. 5) The equation for predicting the shear capacity of PBL with cast-in-place UFC connections was proposed. The proposed equation was found to be capable of accurately predicting the shear capacity of PBL with cast-in-place UFC connections with and without prestressing forces.
